Intermetallic alloys on the base of Ni3Al and NiAl phases belong to the new class of challenging casting structural materials. Application of Ni3Al-based materials allows increasing the service life of parts by 3-4 times, working temperatures of turbine inlet gas by 50-100 °C, reducing the mass of turbines and, as a consequence, increasing their specific thrust and efficiency. The wide application of alloys on Ni3Al base in industry requires the development of technological processes of producing permanent joints, including method of brazing, as the alloys, containing a high percent of γ′-phase, are referred to the class of hard-to-weld ones due to possible crack formation. At present, the nickel brazing filler alloys (BFA), containing silicon and boron as depressants, are used for brazing high-temperature high-alloy nickel alloys, thus leading to formation of brittle phases (silicides, borides) in joints, having a negative influence on fatigue life. Their elimination is connected with long-time conditions of heat treatment or almost impossible. The present work shows the possibility of application of eutectic BFA on nickel base, not containing boron and silicon. The results of metallographic examinations and X-ray spectral microanalysis of brazed joints of intermetallic alloys on the base of γ′-phase (Ni3Al) are given. Shown are the morphological peculiarities of structure formation of brazed joints, produced by high-temperature vacuum brazing and BFA on base of Ni-Cr-Zr and Ni-Co-Cr-W-Mo-Al-Nb-B systems. 7 Ref., 3 Tables, 15 Figures .
Intermetallic alloys on the base of Ni 3 Al and NiAl phases belong to the new class of challenging casting structural materials, containing a large amount of γ′-phase and being a real alternative to metallic materials of the high-temperature application. Intermetallics Ni 3 Al and NiAl are characterized by an ordered crystalline lattice, that provides them a complex of high physical-mechanical properties, such as increased stability at temperatures up to 1200-1300 °C, decreased density (7.3 and 5.9 g/cm 3 , respectively), high modulus of elasticity and resistance to oxidation. This opens up the wide prospects of their application under high-temperature conditions, allows decreasing the mass of designed structures and increasing their coefficient of efficiency [1] [2] [3] [4] [5] . To widen the application of alloys on Ni 3 Al base in industry, it is necessary to develop technological processes of producing permanent joints including brazing, as the alloys with high content of γ′-phase (92-95 %) are referred to the hardto-weld class due to a risk of crack initiation.
At present, for brazing the high-temperature high-alloy nickel alloys the brazing filler alloys (BFA) (Ni-Cr-Si-B, Ni-Cr-Co-B, Ni-W-Co-B, Ni-Cr-Al-B, Ni-Cr-Al-Si-B and Ni-Si-B) are used, in which silicon and boron play the role of depressants. They lead to formation of brittle phases in joints (silicides and borides), the elimination of which is connected with long-term process of heat treatment or almost not possible in practice. The presence of borides in brazed joints is not desirable due to their negative effect on fatigue life. Examples of application of BFA of Ni-Cr-Fe-Si-B (MBF20) and Ni-Co-Ti-Zr systems are given in works [6, 7] .
In the given work the microstructural features of joints of intermetallic alloys on γ′-phase base (Ni 3 Al), made by high-temperature vacuum brazing using an industrial BFA VPr27 (Ni-Co-Cr-W-Mo-Al-Nb-B) and experimental BFA of NiCr-Zr system are consitered.
To perform the experiments, intermetallic nickel alloys of two compositions (wt.%: Ni-14Al and Ni-14Al-5Mo-4Co-2.5W), as well as NiCr-Zr BFA were melted. Melting was performed by electric arc method with argon blowing on cold substrate with a five-fold turning over and remelting. The produced ingots had a drop-like shape (Figure 1, a) . Method of induction remelting was also used with ingot formation in sectional cooled mould (Figure 1, b) . In some cases the metal melt was drawing into 4 mm diameter quartz tube using vacuum. The produced rods of 10-15 mm length and 4 mm diameter were expended into washers of 1.2 mm height and cleaned by abrasive paper. Such plates were used for experiments on BFA spreading of and optimizing the technological process brazing.
The specimens were assembled by using resistance welding machine, then they were brazed in vacuum 1.33⋅10 -4 Pa by use of radiation heating. Heating temperature was controlled by two thermocouples: main one located in furnace, and auxiliary one located next to specimens (Figure 2).
To determine the contact angle of wetting the experiments were carried out on BFA spreading according to non-standard procedure: BFA preforms in cast form were placed in the middle of melted intermetallic alloys, fixed by resistance welding and loaded into furnace. For statistics, three specimens with each BFA were loaded for one charge, they were mounted on ceramic substrate in furnace together with thermocouple and heated. The brazed joints were examined using optic (Neophot-32) and scanning electron (Tescan MIRA 3 LMU) microscopy, X-ray spectral microanalyses were carried out in energy-dispersed spectrometer Oxford Instruments X-MAX 80 with program package INCA.
The results of experiments showed that at T b = = 1200 °C, τ = 5 min the Ni-Cr-Zr BFA has a good spreading over Ni-Al substrate, spread drop solidification occurs with the formation of clean surface (Figure 3, a) . The given BFA is referred to eutectic alloy, characterized by a narrow interval of solidification (T S = 1175 °C, T L = = 1200 °C), that has a positive influence on its spreading ability. Industrial BFA VPr27 (T S = = 1030 °C, T L = 1080 °C) also provided a good wetting of surface of Ni-Al-Mo-Co-W intermetallic alloy (Figure 3, c) .
To determine the contact angle of wetting, which is one of main factors in study of BFA spreading, the specimens after BFA melting were cut normal to the base material plane (plate), microsections were manufactured, contact angle, formed by surface of BFA drop and base metal, was measured, and then the metallographic examinations and X-ray spectral microanalysis were made. The obtained results showed that in use of industrial BFA VPr27 the contact angle is 12° (  Figure 4 , a), while in applying of experimental Ni-Cr-Zr BFA it is decreased to 6° (Figure 4 , b), that confirms its better spreading ability.
The X-ray spectral microanalysis revealed the erosion of base metal and zonal liquation at the interface between BFA VPr27 and intermetallic alloy with formation of two zones, different in chemical composition ( Figure 5 , Table 1 ). The enrichment of BFA metal, adjacent to base metal, with tungsten (up to 14.19 %) and molybdenum (4.59 %) was also found. Diffusion of aluminium from base metal into molten BFA was observed, resulting in its concentration amounted to 3.97 %, in the zone, adjacent to base metal, and in the upper BFA (external) zone it increased up to 5.16 %. Concentration of the rest elements was differed negligibly (see Table 1 ).
To reduce the erosion of base metal, brazing of as-cast nickel aluminides by powdered BFA VPr27 was performed at the lower temperature (1170 °C) during 3 min. The brazed joints of Ni-Al binary alloy were formed with full fillets, in which the liquation processes were observed ( Figure 6 ). Structure of fillet regions is greatly differed from the structure of brazed seams both by the morphological constitution and also by chemical composition. On the background of matrix of solid solution on nickel base the complex intermetallic phases are distinguished, enriched with tungsten (up to 56), molybdenum (up to 9), cobalt (up to 5) and nickel (up to 15 wt.%), which are solidified mainly in the zone adjacent to base metal. Moreover, the single inclusions of Cr-30Ni-8W-4Mo-5Co (wt.%) are observed.
The brazed seams are also characterized by chemical inhomogeneity. The regions are observed, in which phase Cr-14Ni-19W-8Mo-6Co-0.7Nb (wt.%) is formed in the seam centre.
In some regions it is precipitated in the form of separate light grains. Single pores are also observed ( Figure 7 ). Grey matrix of seam, i.e. the zone adjacent to material being brazed, is a solid solution on nickel base, containing about 7 wt.% Al and other elements in negligible amount. In the near-seam zone of base metal on nickel base the X-ray spectral microanalysis showed, except 13 wt.% Al, the presence of negligible amount of BFA alloying elements, wt.%: 0.24 Mo; 0.40 W; 0.24 Nb. Heat treatment at 1050 °C for 30 min had no influence on structure of brazed joints, the amount of composed phases and their size remained without changes (see Figure 6 , b). Brazing at the same condition of alloy Ni-AlMo-Co-W, alloyed with refractory elements, differed by another formation of structure both in fillet regions and also in seams (Figure 8 ).
Judging from results of X-ray spectral microanalysis, the seam matrix is the Ni-based solid solution alloyed by Al (7), Cr (5), Co (8), Mo (1), W (2). Phase of complex W-based composition, enriched by Mo (22), Ni (27), Cr (6 %), is precipitated in the form of dispersed needle-like particles. Mass share of aluminium in these particles is decreased to 0.4 %. As to the morphological constitution this phase can be referred to the intermetallic compound on the base of refractory elements due to typical proper geometry peculiar to them (Figure 8 ). In the fillet region this phase occupies a rather low percent of the area (~ 1 %) as compared to the seam. The main structural component is the solid solution on Ni base (76 %), containing also such hardening alloying elements as Cr (6), Co (8), Al (4 %) and negligible share (by ~1.5 %) of rest elements, such as Nb, Mo and W.
The carried out investigations showed that the morphological constitution of brazed joints is affected not only by temperature-time parameters of technological process of brazing, but also by chemical composition of material being brazed. Thus, in use of alloyed Ni-14Al-5Mo-4Co-2.5W alloy as a base material the precipitates of Wenriched phase are observed in the form of dispersed needle-like particles of 1.5-2.0 μm width both in fillet region and also in brazed seam (see In addition, microstructure of molten BFA on intermetallic substrate is differed from that of brazed seam. This can be explained by the effect of geometric parameters (capillary gaps, length of base metal-BFA interface), as well as BFA amount on the proceeding of diffusion processes during heating. In spreading of Ni-Cr-Zr BFA over the substrate of binary Ni-Al alloy the zonal solidification is absent (see Figure 4 b; Figure 9 ). The molten BFA is solidified in the form of eutectic alloy formed by primary grains of solid solution on nickel base and intermetallic, containing up to 25 % Zr (see Figure 9 , Table 2 ). Negligible amount of single dispersed precipitates of phase on zirconium (79.34 %) base is observed. Aluminium is not almost diffused into the molten BFA, that is confirmed by the results of X-ray spectral microanalysis.
Vacuum brazing of butt joints with Ni-Cr-Zr BFA was carried out at 1210 °C for 3 min holding. The temperature mode of brazing was recorded in the form of thermogram (Figure 10) . In brazing of Ni-Al alloy and alloyed Ni-Al-Mo-Co-W alloy the BFA of Ni-Cr-Zr system is melted, material being brazed is wetted, and flow into capillary gap and to the reverse side of specimen with formation of full dense fillets (Figure 11) , thus being the confirmation of good fluidity of the eutectic BFA.
After brazing the experimental specimens were cut into plates for further investigations. Metallographic examinations of brazed joints of intermetallic alloy Ni-14Al showed that Ni-CrZr BFA can form sound seams of variable width from 30 up to 50 μm. In the seam central zone the Ni-based eutectic phase, enriched with zirconium up to 7 wt.%, is solidified in the form of a thread-like band of 5 μm width. At the joint boundary the zone of common grains of base metal is observed, where the seam in its classical conception is absent (Figure 12, b) . It should be noted that concentration of zirconium in the dark part of seam does not exceed 0.49 wt.%, while aluminium concentration reaches 7 wt.%, that proves the proceeding of diffusion processes at the interface. X-ray spectral microanalysis determined that eutectics was formed by solid solution on nickel base and intermetallic phase, enriched with zirconium up to 21 % (Table 3, Figure 13 ).
After heat treatment of brazed joints at 1150 °C for 30 min the seam width was 32 μm. Composition of intermetallic phase, which is solidified in seam centre, is somewhat changed: on the background of light phase of zirconium intermetallic, containing 20-23 wt.% Zr, the second phase is formed in the form of globules of dark color of about 1.5 μm size, which contains 13-15 wt.% Zr. Precipitates of dark phase (solid solution) in some seam regions has a continuous nature, their composition corresponds to compound 87.66Ni-6.76Al-4.59Cr-0.99Zr.
The seam zone, adjacent directly to base metal, contains about (wt.%) 1Zr, 6-7Al, 4Cr. After 30 min holding at 1150 °C due to diffusion processes between the material being brazed and seam metal the concentration of chromium and zirconium is increased in the latter by approximately 1 wt.%. In seams the eutectic structure is retained (Figure 14) . The increase in time of holding up to 60 min did not show any effect on structure of seams: in central part the Zr-enriched eutectic is solidified; concentration of aluminium is reduced negligibly, and nickel concentration is not changed. The conclusion was made on the basis of carried out investigations that eutectic BFA of NiCr-Zr system have a good spreading over the nickel aluminide (contact angle of wetting is 6°), flow into vertical capillary gaps and form the sound seams with eutectic structure. In specimen length the rather homogeneous seam regions are formed, in which the interlocking grains of base metal are observed.
Metallographic examinations are the intermediate stage in the BFA development. The works of the next stage will include the determination of mechanical properties of brazed joints.
